Cockayne syndrome (CS) is a rare genetic disease characterized by severe growth, mental retardation and pronounced cachexia. CS is most frequently due to mutations in either of two genes, CSB and CSA. Evidence for a role of CSB protein in the repair of oxidative DNA damage has been provided recently. Here, we show that CSA is also involved in the response to oxidative stress. CS-A human primary fibroblasts and keratinocytes showed hypersensitivity to potassium bromate, a specific inducer of oxidative damage. This was associated with inefficient repair of oxidatively induced DNA lesions, namely 8-hydroxyguanine (8-OH-Gua) and (5 0 S)-8,5 0 -cyclo 2 0 -deoxyadenosine. Expression of the wild-type CSA in the CS-A cell line CS3BE significantly decreased the steady-state level of 8-OH-Gua and increased its repair rate following oxidant treatment. CS-A cell extracts showed normal 8-OH-Gua cleavage activity in an in vitro assay, whereas CS-B cell extracts were confirmed to be defective. Our data provide the first in vivo evidence that CSA protein contributes to prevent accumulation of various oxidized DNA bases and underline specific functions of CSB not shared with CSA. These findings
Introduction
Patients with Cockayne syndrome (CS) are characterized by traits reminiscent of aging, such as growth failure, neurological degenerations and cataracts (Nance and Berry, 1992) . It has been proposed that the inability to repair oxidative base damage in transcriptionally active genes may contribute to the severity of the symptoms in CS (reviewed by Licht et al., 2003) . Cells from CS patients are often ultraviolet (UV)-sensitive and fail to recover RNA synthesis after UV despite normal nucleotide excision repair (NER) of lesions in the genome overall (global genome repair). This is due to defective transcription-coupled repair (TCR) that involves preferential repair of the transcribed strand of active genes. The majority of CS cases are caused by mutations in either of two genes, CSB and CSA, that are involved in TCR. Furthermore, CS symptoms are present in association with those of xeroderma pigmentosum (XP) in rare cases mutated either in XPB, XPD or XPG genes (reviewed by Lehmann, 2003) .
The role of CSB and CSA in TCR of UV lesions has been widely investigated (reviewed by Licht et al., 2003; Laine and Egly, 2006) . Following UV irradiation, CSA translocates to the nuclear matrix by a CSB-dependent mechanism (Kamiuchi et al., 2002) , but these proteins display differential roles in recruitment of chromatin remodelling and repair factors to stalled RNA polymerase II in vivo (Fousteri et al., 2006) . CSB-dependent translocation of CSA is also observed following H 2 O 2 , but not on treatment with alkylating agent, and is independent of XPA and XPC, indicating the TCRspecific nature of this response (Kamiuchi et al., 2002) . However, the defect of CS-B cells in oxidative damage response extends beyond the level of TCR. CS-B human and murine cells are hypersensitive to ionizing radiation (IR) and other oxidants (Tuo et al., 2001; de Waard et al., 2003) and are impaired in the repair of oxidatively induced DNA lesions (Dianov et al., 1999; Tuo et al., 2001 Tuo et al., , 2003 Osterod et al., 2002) . Whether CSA is involved in oxidative DNA damage response is still an open question. In contrast to CS-B cells, CS-A mouse fibroblasts did not show hypersensitivity to either IR or paraquat (de Waard et al., 2004) , suggesting that CSA might not be involved in oxidative DNA damage sensitivity. On the other hand, a recent study indicates that the processing of plasmids containing a single 8-OH-Gua results in similarly defective host-cell reactivation in CS-A as well as in CS-B cell lines (Spivak and Hanawalt, 2006) .
Here, we analyse the role of CSA in the response to oxidative stress in human primary keratinocytes and fibroblasts. Skin cells were selected as model cell system because in a previous study, a cell type-specific effect of CSA was identified by comparing the UVB-induced response of keratinocytes and fibroblasts (D'Errico et al., 2005) . We provide the first biological evidence that CSA, similar to CSB, is involved in oxidative DNA damage response and suggest that besides common functions, CSA and CSB proteins also play distinct roles.
Results

CS-A keratinocytes and fibroblasts are hypersensitive to the killing effects of oxidizing agents
The cytotoxic response to oxidants was investigated in primary keratinocytes and fibroblasts from the same skin biopsy of one CS-A patient (CS6PV) and two healthy donors (N1RO and N2RO). In general, keratinocytes were more resistant to X-rays ( Figure 1a ) as well as to potassium bromate (KBrO 3 ) (Figure 1b ) than the corresponding fibroblasts. A slight hypersensitivity to X-rays of CS-A keratinocytes as compared with normal was detected but no difference was observed between CS-A and normal fibroblasts ( Figure 1a) . However, when cells were exposed to KBrO 3 (Figure 1b) , which specifically induces oxidative DNA damage, a clear increase in sensitivity (twofold increase) was detected in both CS-A cell types as compared with their normal counterparts.
To reinforce this observation, primary cultures of fibroblasts from three additional CS-A patients (CS4PV, CS7PV and CS3BE) were tested for KBrO 3 sensitivity ( Figure 1c ) in a range of concentrations up to 15 mM KBrO 3 to avoid the dramatic decline in survival observed beyond this dose (Figure 1b) . A twofold increase in sensitivity between CS-A and normal (N1RO and N3RO) fibroblasts was confirmed, thus supporting a protective role of CSA in oxidizing agent-induced cytotoxicity. In this experiment (Figure 1c) , the strong reduction in survival at doses higher than 10 mM KBrO 3 (Figure 1b) was not observed likely because of the different batch of chemical used and the narrow range of concentrations where the decline in survival occurs.
In contrast with primary cells, the sensitivity of SV40-transformed CS3BE cells to X-rays and KBrO 3 was indistinguishable from that of the normal MRC5 cell line (Figure 1d and e).
These findings show that CSA plays a role in protecting cells from the lethal effects of oxidative damage but also indicate that this response is strongly affected by the cell system used.
CS-A primary skin cells accumulate oxidatively induced DNA lesions 8,5
0 -Cyclopurine-2 0 -deoxynucleosides are a unique class of hydroxyl radical-induced DNA lesions that effectively inhibit transcription in mammalian cells (Brooks et al., 2000) . We measured the induction and repair of (5 0 S)-8,5 0 -cyclo-2 0 -deoxyadenosine by liquid chromatography/mass spectrometry (LC/MS) in normal and CS-A keratinocytes exposed to X-rays (5 Gy) (Figure 2) . A significant increase in the level of this lesion was observed (Po0.05) in both normal and CS-A keratinocytes. The repair of (5 0 S)-cdA was complete within 2 h post-treatment in normal keratinocytes (Figure 2a ), whereas significant persistence of this lesion was detected in the absence of a functional CSA (Figure 2b ). These findings indicate that CSA is involved in the repair of (5 0 S)-cdA in vivo. To gain further insights into the role of CSA in oxidative damage response, the induction and repair kinetics of 8-hydroxyguanine (8-OH-Gua) was investigated in both skin cell types, following treatment with KBrO 3 . This lesion was measured as its nucleoside 8-hydroxy-2 0 -deoxyguanosine (8-OH-dG) by using HPLC-ED methodology. As shown in Figure 3 , the steady-state level of 8-OH-dG was significantly lower in keratinocytes than in fibroblasts (P ¼ 0.011), in agreement with the high antioxidant capacity of this cell type (D'Errico et al., 2007) . No effect of the CS-A defect on the steady-state level of 8-OH-dG was observed in keratinocytes as well as in fibroblasts. Upon treatment with KBrO 3 , a statistically significant increase in DNA levels of 8-OH-dG was induced in both cell types from normal and CS-A donors (Pp0.001). 8-OH-dG levels decreased significantly (Po0.01) during the time course both in normal and CS-A keratinocytes and fibroblasts with most lesions repaired within 2 h. However, in the absence of CSA the levels of 8-OH-dG at early repair times (10-20 min after treatment) were significantly higher than those in the corresponding normal cells (Po0.05). When the levels of 8-OH-dG at different repair times were expressed as percentage of the levels immediately after treatment (Figure 3c and d), a decrease in the repair rate of 8-OH-Gua was detected in CS-A cells as compared with normal cells.
To strengthen the evidence of a role of CSA in 8-OHGua repair, the repair kinetics of this oxidized base was examined in primary fibroblasts from two additional CS-A patients (CS4PV and CS3BE) and two healthy donors (N1RO and N3RO) ( Figure 4 ). As the previous experiments indicated a role of CSA at early repair times, a shorter treatment time was selected (30 min) and repair was monitored up to 40 min. Immediately after treatment the levels of 8-OH-dG were higher in CS-A as compared to normal fibroblasts (Figure 4) , suggesting a persistence of this modified base in the CSA genome. This was confirmed when cells were allowed to repair in fresh medium: normal fibroblasts fully repaired 8-OHGua within 20 min, whereas all CS-A fibroblasts presented 8-OH-dG levels significantly higher than normal cells at both repair times (P ¼ 0.01 at 20 min; P ¼ 0.0002 at 40 min repair time).
Overall, these data indicate that CSA is involved in the repair of biologically diverse oxidatively induced lesions: in the removal of (5 0 S)-cdA that has been shown to be repaired in vitro by NER (Kuraoka et al., 2000) , and in the repair of 8-OH-Gua that is a substrate for base excision repair.
The expression of CSA in the CS3BE cell line decreases both the steady-state and induced level of 8-OH-dG To investigate the association between the lack of CSA and the persistence of 8-OH-Gua in the genome, we compared the levels of 8-OH-dG in the CS3BE cell line (SV40-CS3BE) and its derivative expressing wild-type CSA (SV40-CS3BE-wtCSA). As shown in Figure 5 , the steady-state level of 8-OH-dG was significantly decreased upon expression of wild-type CSA (Po0.05). Following treatment with KBrO 3 , a statistically significant increase in 8-OH-dG levels was observed in both cell lines (Pp0.001) but the repair capacity of SV40-CS3BE-wtCSA was significantly higher (Po0.05) than that of SV40-CS3BE cells at all repair times analysed.
These findings assign unequivocally the defect in 8-OH-dG repair of CS-A cells to the lack of the CSA gene product. Moreover, a role of CSA in the control of the steady-state level of 8-OH-dG is identified. CSA is involved in oxidative DNA damage repair M D'Errico et al
The cleavage of 8-OH-Gua-containing oligonucleotides is not impaired in CS-A fibroblasts and keratinocytes CS-B cell extracts are impaired in their capacity to incise 8-OH-Gua residues present in oligonucleotides (Dianov et al., 1999; Tuo et al., 2001 Tuo et al., , 2003 . The capacity of cleavage of duplex oligonucleotides containing a single 8-OH-Gua by extracts from CS-A keratinocytes was tested and compared with that of extracts from normal keratinocytes (Figure 6a ). No significant differences were observed between CS-A and normal extracts, although a trend towards lower levels of cleavage activity were recorded at all incubation times in CS-A extracts. The incision activity of extracts from the CS-A cell line CS3BE was indistinguishable from that of extracts expressing wild-type CSA (Figure 6b ). Extracts from the CS-B cell line CS1AN, which are defective in 8-OH-Gua cleavage (Dianov et al., 1999; Tuo et al., 2001) , are shown for comparison. These findings indicate that both CSA and CSB proteins are involved in oxidative DNA damage repair, but their functions are, at least partially, different.
Discussion
In this study, we provide clear evidence that CSA is involved in the repair of 8-OH-Gua. This defect does not lead to an increased steady-state level of 8-OH-dG in our set of primary CS-A cells. Similarly, no effect on the steady-state level of 8-OH-dG has been reported in CS-B cells when compared with non-isogenic normal cells (Tuo et al., 2003) . However, when CSA is expressed within an isogenic cell system (compare SV40-CS3BE-wtCSA with the parental cell line in Figure 5 ), a statistically significant decrease of the steady-state level of 8-OH-dG is detected. CS proteins, by facilitating the processing of oxidative damage, might have an antiapoptotic and/or anti-mutagenic effect.
When CS-A cells were treated with KBrO 3 a significant increase in 8-OH-dG levels was detected. Following short treatment times (30 min), this level was higher in CS-A as compared with normal fibroblasts indicating that CSA affects 8-OH-Gua repair immediately after damage. Interestingly, the levels of induction were significantly lower in primary as compared with transformed cells (approximately twofold lower), indicating that the biotransformation of xenobiotics is dramatically affected in transformed cell lines. In all cases, a defect in CSA caused a significant delay in the repair rate of 8-OH-Gua particularly at early repair times. The similar impairment of 8-OH-Gua repair reported in the absence of CSB (reviewed by Licht et al., 2003) or CSA (this study) suggests that these proteins act in the same pathway. We favor the hypothesis that the acceleration of repair at early repair times mediated by CSB (Osterod et al., 2002) or CSA (this study) reflects the role of CS proteins in the regulation of chromatin structure (for instance by ubiquitination and/or acetylation of histones) (Citterio et al., 2000; Groisman et al., 2003; Newman et al., 2006) . CS-mediated chromatin remodeling activity might increase the accessibility of DNA damage to the repair machinery. A functional similarity of CSA and CSB proteins in oxidative DNA damage repair is in agreement with the overlapping of the pathological phenotype of CS-A and CS-B patients. However, evidence for specific functions of CS proteins is also provided. We show that CS-A cell extracts are not impaired in 8-OH-Gua cleavage ability, whereas extracts from CS-B cells present a reduced capacity to cleave at 8-OH-Gua residues located in oligonucleotides (Dianov et al., 1999; Tuo et al., 2001 Tuo et al., , 2003 . It has been hypothesized that CSB would induce transcription of genes encoding DNA glycosylases such as OGG1 (Dianov et al., 1999; Tuo et al., 2002) . Suggestion of a defect in the transcriptional response of CS-B cells after H 2 O 2 treatment has been provided (Kyng et al., 2003) and a recent study demonstrates that CSB is involved in the regulation of the transcriptional program after UV damage (Proietti-De-Santis et al., 2006) . It would be interesting to analyse further the role of CS proteins in transcription regulation after oxidative stress.
We provide evidence that CSA is also required for repair of (5 0 S)-cdA by NER from the genome overall. (5 0 S)-cdA is a transcription blocking lesion and the accumulation of this type of lesions in actively transcribed genes has been associated with neuronal death (Brooks, 2002) . This finding supports the notion that, in addition to the defect in TCR, repair of lesions in the overall genome might be affected in CS cells as well (reviewed by Licht et al., 2003) .
The defect in the repair of 8-OH-Gua was associated with increased cell killing in primary CS-A keratinocytes and fibroblasts. However, cell killing by oxidative stress is a complex phenomenon that is affected by critical Figure 2 Levels of (5 0 S)-cdA in DNA of (a) normal keratinocytes (K N1RO) and (b) CS-A (K CS6PV) keratinocytes. Each data point refers to DNA samples isolated from three independent experiments for cell strain. Standard deviations of the means are reported. DNA samples were isolated from untreated cells (control), cells exposed to X-rays (5 Gy), and exposed to X-rays and allowed to repair for 2 h (5 Gy þ 2 h rep). The stars indicate statistically significant difference between (control) and (5 Gy), or (control) and (5 Gy þ 2 h rep) with a P-value o0.05.
CSA is involved in oxidative DNA damage repair M D'Errico et al determinants that are cell type-specific. For instance, keratinocytes are more resistant to oxidants than fibroblasts but the level of induced 8-OH-dG are comparable in the two cell types. The high anti-oxidant capacity of keratinocytes (that is mirrored by low 8-OHdG steady-state levels) seems to be associated with the resistant phenotype of this cell type (D'Errico et al., 2007) but how this leads to protection from cell killing remains to be established. No effect on cytotoxicity was detected in SV40-transformed CS-A fibroblasts although the induced level of DNA 8-OH-dG was higher in these cells compared to corresponding primary cells. Moreover, the expression of wild-type CSA in SV-40 transformed CS3BE cells drastically increased the 8-OH-Gua repair rate without any effect on the cytotoxic response to KBrO 3 . Overall, these findings indicate that in SV40-transformed fibroblasts the killing effects of ROS-inducing agents are independent of 8-OH-dG DNA levels.
In conclusion, CSA as well as CSB are constituents of 8-OH-Gua repair. Furthermore, we demonstrated that CSA is also involved in the repair of 8,5
0 -cyclopurine-2 0 -deoxynucleosides. CS patients have a complex phenotype that includes severe neurological deficiencies and premature aging. The accumulation of endogenous damage in CS cells during development might impair gene expression likely explaining the clinical outcome of this disease.
Materials and methods
Cell culture and treatment conditions Primary fibroblasts and keratinocytes from healthy donors (N1RO, N2RO, N3RO) and from CS-A patients (CS4PV, CS6PV, CS7PV) were established from biopsies from unaffected skin areas and maintained according to previously described procedures (D'Errico et al., 2005) . CS3BE primary fibroblasts were from Coriell repository (GM01856). The CS-A patients CS4PV, CS6PV and CS3BE showed the typical features of the classical form of CS, whereas CS7PV was affected by the severe form. Mutations resulting in severely truncated CSA proteins were present in all the four CS-A patients (unpublished results). CSA is involved in oxidative DNA damage repair M D'Errico et al SV40-transformed cell lines (MRC5, CS1AN, CS3BE) were grown in Dulbecco's modified Eagle's medium containing 10% fetal calf serum.
Cells were treated with X-rays (Radgil, Gilardoni, Milan, Italy) at a dose rate of 90 cGy/min. The treatment with KBrO 3 (Sigma-Aldrich S.r.l. Milan, Italy) was performed in phosphate-buffered saline Â 1À20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid for 30 min or 1 h at 371C.
Plasmids and transfections
Full-length cDNA encoding CSA was obtained by polymerase chain reaction (PCR) using pCSA5 as a template (Henning et al., 1995) , with Pfu DNA polymerase and primers: 5 0 -CA TTCAGAATTCTATGCTGGGGTTTTTGTCCGC-3 0 (CSA forward) and 5 0 -GGCAGGCATTCAGTCGACCCTCCTTC TTCATCACTGCTGCTC-3 0 (CSA reverse). EcoRl and SalI restriction sites for cloning in frame are underlined. The PCR product was digested with EcoRI and SalI and inserted into the EcoRI-SalI sites of p-enhanced green fluorescent protein (pEGFP)-C1 downstream of the EGFP-cDNA (Clontech, Takara-Clontech, USA), to produce the plasmid pEGFP-CSA expressing the EGFP-CSA fusion protein. The sequence of CSA cDNA was confirmed by DNA sequencing.
Exponentially growing SV40-CS3BE cells were plated on 60 mm Petri dishes and transfected by Lipofectamine 2000 method (Invitrogen Life Technologies S.r.l., Milan, Italy) with CSA is involved in oxidative DNA damage repair M D'Errico et al 4 mg of pEGFP-CSA DNA carrying hygromycin resistance together with the cDNA for EGFP-CSA chimeric protein. Hygromycin (400 mg/ml; GIBCO-BRL)-resistant clones were isolated after 20 days. The clone SV40-CS3BE-wtCSA used in this study showed restoration of UV resistance.
Cell survival assay Cell survival was determined by analysing the colony-forming ability, as described previously (D'Errico et al., 2005) . Colonies were fixed 8 or 14 days later (in the case of transformed cell lines and fibroblast and keratinocyte strains, respectively). The number of colonies in treated cells was expressed as a percentage of that in untreated cells.
Measurement of modified nucleosides by LC/MS
DNA was isolated as previously described (Tuo et al., 2003) . (5 0 S)-cdA was measured by LC/MS with isotope-dilution as described (Jaruga et al., 2002) . For this purpose, (5 0 S)-8,5 0 -cyclo-2 0 -deoxyadenosine-15 N 5 was prepared as described and used as an internal standard (Jaruga et al., 2004) .
Measurement of 8-OH-dG by HPLC-ED 8-OH-dG repair was determined by HPLC-ED according to established procedures (Cappelli et al., 2000) . After enzymatic digestion of DNA with nuclease P1 (Boehringer-Roche, Basel, Switzerland) and alkaline phosphatase (Boehringer-Roche), aliquots of the DNA hydrolysate were analysed according to Degan et al. (2005) .
In vitro incision of 8-OH-Gua-containing oligonucleotides Nuclear extracts from Hela cells were prepared as described (McGoldrick et al., 1995) . An oligodeoxyribonucleotide containing a single 8-OH-Gua residue, 5 0 -GATCCTCTA GAG(8-OH-Gua)CGACCTGCAGGCATGCA-3 0 (Eurogentec, Angers, France) was 32 P-5 0 end-labelled and then annealed with the complementary oligonucleotide. The incision reaction (50 fmol of duplex oligonucleotides, 25 mM Tris-HCl, pH 7.6, 1 mM ethylenediaminetetraacetic acid, 50 mM NaCl) was performed at 371C in the presence of 5 mg of nuclear extracts. The incision products were analysed by 20% polyacrylamide gel electrophoresis and quantified by electronic autoradiography (Instant Imager, Packard-PerkinElmer, Norwalk, CT, USA).
Statistical analysis
Mean values of modified nucleosides were compared by oneway analysis of variance. The repair kinetics of 8-OH-Gua in different cell types and cell lines were analysed by a nonparametric test for trend across the repair times. All analyses were carried out with the STATA statistical package release 8.1 (Stata, College Station, TX, USA).
